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Abstract 
This paper presents a new vibration driven energy harvesting device with an additional synchronized switching interface for 
optimizing the power transfer from the energy harvester to a storage element. The energy transducer consists of a piezoelectric 
energy harvester, which is designed to achieve a uniform stress distribution on the whole generator structure. A novel interface 
circuitry, based on the initial energy injection described by Lallart et. all. [1], is added to the system. It enables a harvesting process 
that is almost independent of the load and allows an almost ideal energy storage process. The results of parameter studies for an 
optimal generator design as well as first measurement results obtained with the direct initial energy injection circuitry are presented 
and discussed in the presentation. The results show that an efficiency benefit by a factor of 3, compared to standard devices can be 
achieved by the presented device. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Energy harvesting using micro-generators is enabling an increasing number of new applications. Certainly one 
reason is the possibility of a long term, battery free and wireless operation. However, the power delivered by these 
micro-generators is commonly non-continuous. In contrast most of the applications consist of regular periodic 
operation sequences with corresponding power supply requirements. In order to continuously harvest the maximum 
possible energy, a permanent load adaptation of the generator as well as an efficient rectification, voltage conversion 
and energy storage is required [2, 3]. To improve the performance of wireless condition monitoring systems (Figure 
1a), it is important to improve the conversion of mechanical energy into electrical energy, as well as to optimize the 
energy transfer from the generator to the energy storage [4]. The presented device addresses both issues. A novel 
piezoelectric energy generator is shown. An efficiency benefit, by the factor of three, is achieved by using an 
additional synchronized switching interface circuitry, which was specially designed to fulfil the requirements of the 
piezoelectric energy harvester. 
* Corresponding author. Tel.: +49 7721 943 186; fax: +49 7721 943 210. 
E-mail address: philipp.becker@hsg-imit.de. 
Available online at www.sciencedirect.com
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Symposium Cracoviense 
Sp. z.o.o. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
395 P. Becker et al. /  Procedia Engineering  47 ( 2012 )  394 – 397 
(a) (b)
Fig.1: (a) Wireless condition monitoring system with piezoelectric energy harvester and interface circuitry. (b) Electromechanical model of the 
piezoelectric energy harvester. 
2. Energy Considerations 
An electromechanical model of the energy harvesting system can be considered as a coupled spring-mass-damper 
system [5] as shown in figure 1b. The system can be described by Newton’s law with m being the effective value of 
the mass, d of the spring constant and c of the damping. Cp is the capacitance of the clamped capacitor. The coefficient 
Į describes the electromechanical coupling of the system. The energy analysis of the system results in [6]: 
            (1) 
According to equation 1, there are two ways to maximize energy conversion. Increasing the output voltage and the 
coupling coefficient, or reducing the phase shift between the velocity and the voltage. The mechanical energy, 
delivered by the vibration source, is converted into electrical energy by using a piezoelectric element. The energy 
harvester has been designed, in order to achieve a uniform stress distribution over the whole generator structure. This 
results in a constant electrical potential on the electrodes of the generator structure with nearly no equalizing currents. 
To optimize the transfer of the electric energy from the piezoelectric element to a storage element, a synchronized 
switching interface circuitry is applied to the system. By using the initial energy injection technique, described by 
Lallart et. all. [1], an energy harvesting process with nearly no load dependence can be achieved. The generator 
structure is mainly driven in idle state, as it is only loaded in very short extracting cycles. The interface provides initial 
energy to the piezoelectric energy harvester in form of short energy pulses, resulting in a higher voltage. As a result 
the energy harvesting process is improved, according to equation 1. Usually the energy pulses, needed to realize the 
injection algorithm are delivered by the energy storage of the system. Thanks to the special shape of the generator it is 
possible to provide the energy pulses directly from the unused structures of the piezoelectric generator. Hereby it is no 
longer necessary to use complex electronic circuits for the energy injection. 
3. Generator Design 
Most piezoelectric harvesters are designed as a one sided clamped cantilever beam with a mass fixed at the other 
end of the beam [7]. The design presented in this paper uses a four-point-bending principle. Four masses are attached 
to the beam. Both ends of the piezoelectric beam are pivot-mounted on the housing. Therefore the mechanical stress 
on the generator structure between the masses is nearly uniform at each point of this region. Figure 2a, b shows a 
schematic view and a picture of a first prototype of the generator. A brass reinforced 2-Layer rectangular bending 
actuator has been used. The dimensions of the bimorph are 31.8 x 10 x 0.38 mm³. It was structured by laser beam 
cutting. The nickel electrode layer has been removed at areas where the masses are placed. By doing so, 3 electrode 
regions were separated. The electrode structure in the middle is used as generator structure. The other electrode 
structures are used to provide the energy pulses needed for the injection algorithm as described in chapter 4.  
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(a) (b) (c) 
Fig.2: Schematic view (a) and picture (b) of the piezoelectric energy harvesting device. (c) FEM simulation result. 
A harmonic FEM model has been developed, to calculate the eigenfrequencies, the deflection and the power output 
of the energy harvester. Figure 2c shows the stress distribution along a path on the lower side of the beam. The red 
marked area highlights a nearly uniform stress distribution at the main electrode. 
4. Interface Circuitry 
In theory, the initial energy injection method is able to enhance the energy conversion of piezoelectric energy 
harvesters up to 40 times compared to standard energy harvesting circuits [1]. The basic concept of the initial energy 
injection method is to extract the energy from the piezoelectric element each time a maximum of the output voltage is 
reached. The energy is transferred to a storage element by using a transformer as shown in figure 3a. Once the energy 
is transferred to the storage the main generator will be connected to an external energy source to generate a voltage 
offset. This results in an enhancement of the converted energy, according to equation 1. The direct energy injection 
technique, presented in this paper, uses the energy injection electrodes of the piezoelectric energy harvester itself, to 
provide the needed voltage offset. Therefore there is no need to place additional load on an external energy source or 
the energy storage element. The algorithm of the energy extraction process is shown in figure 3b. 
  
t1: S1 open, S2 open, S3 open t2: S1 closed, S2 open, S3 open 
t3: S1 open, S2 closed, S3 closed t4: S1 open, S2 open, S3 open 
(a) (b) 
Fig.3: (a) Simplified model of the direct energy injection circuitry. (b) Voltage signal of the piezoelectric generator during the direct energy 
injection algorithm. 
5. Experimental 
For experimental characterization the generator was attached to a lab shaker. The applied vibration frequency was 
tuned to 114Hz, the vibration amplitude to 0,3m/s². Figure 4a shows the measurement results of the generator open 
circuit voltage in comparison to the voltage of the generator connected to the direct initial energy injection interface. 
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Figure 4b shows the charging process of a capacitor using a standard rectifier (blue signal) in comparison with the 
direct initial energy injection technique (red signal). The efficiency benefit by the factor 3 is also shown in this figure. 
  
(a) (b)
Fig.4: (a) Voltage signal of the piezoelectric element with and without the direct initial energy injection technique. (b) Voltage of the storage 
capacitor (1ȝF) depicting the energy using a rectifier (blue) in comparison with the direct initial energy injection technique (red) (Efficiency 
benefit by the factor 3). 
6. Discussion 
An optimization strategy concerning the mechanical harvester itself as well as an interface circuit was presented in 
this paper. A first prototype for experimental characterization was shown. The presented piezoelectric energy 
harvester was designed using a four-point-bending principle. That results in a uniform stress distribution over the 
whole harvesting structure. To create separated harvesting regions, the surface of the piezoelectric element was 
structured by a chemical etching process into a so called main and the initial energy region. The main region was used 
as generator that provides the energy and was directly connected to the interface circuitry. The other region delivers 
the needed energy for the direct initial energy process, whereas no additional energy source is needed. Simulation 
results for an optimal generator design as well as first measurement results are presented in this paper. In order to 
reduce the energy losses and enhance the energy output of the system, future work will focus on the optimization of 
the initial energy injection process. 
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